Interconnected mesoporous sheet-like ZnCo 2 O 4 nanomaterials directly grown on a three-dimensional (3D) graphene film (GF) coated on Ni foam (NF) have been successfully synthesized via an effective chemical vapor deposition (CVD) method combined with a subsequent hydrothermal route. When the ZnCo 2 O 4 @3DGF@NF composite material with a high surface area of 46.06 m 2 g À1 is evaluated as a binder-free anode material for lithium ion batteries, it exhibits a superior electrochemical performance with a high discharge capacity (1223 mA h g À1 at a current density of 500 mA g À1 after 240 cycles), and an excellent reversibility (coulombic efficiency of 97-99%). Such an outstanding electrochemical performance may be attributed to its unique mesoporous sheet-like nanostructure with a 3DGF
Introduction
In the past few decades, lithium ion batteries (LIBs) have played a vital role in powering portable electronics, energy storage devices and even electric vehicles, in view of their advantages of outstanding specic energy density and stable cycling performance.
1,2 Nevertheless, graphite as the present commercial anode material is difficult to further apply to high-performance LIBs due to its low theoretical specic capacity (372 mA h g À1 ).
3,4
Frankly, many efforts have been devoted to exploring highcapacity anode materials in order to replace graphite for nextgeneration LIBs. [5] [6] [7] [8] Signicantly, a promising family of mixed transition-metal oxides (MTMOs) (designated as A x B 3Àx O 4 ; A, B ¼ Co, Ni, Zn, Mn, Fe, etc.) have recently attracted increasing worldwide interest for their high theoretical capacity serving as anode materials. [9] [10] [11] [12] Among these MTMO materials, ZnCo 2 O 4 , which shows a great potential as an ideal anode material for LIBs on account of enhanced electrochemical activity, abundant raw materials and low toxicity, is of signicant interest.
13,14
Importantly, apart from the conversion reaction between Zn/Co species and Li usually observed in other MTMOs, the special alloying reaction between Zn and Li (LiZn alloy) also can contribute to additional lithium storage capacity. [15] [16] [17] In consequence, the theoretical capacity of ZnCo 2 O 4 is as high as 975 mA h g À1 , which is close to three times higher than that of graphite. However, the use of ZnCo 2 O 4 in high power LIBs is restricted which can be ascribed to the poor electrical conductivity and slow lithium ion diffusivity. 18, 19 More seriously, like other MTMO anode materials, ZnCo 2 O 4 also suffers from a very problematic disadvantage of a short cycling life owing to pulverization, caused by a huge volume variation during the repeated charge/discharge processes.
20,21
Fortunately, smart design of nanostructured MTMOs has been regarded as a successful means to overcome the electron/ ion diffusivity limitations by shortening the diffusion path. In addition, the nanostructured electrode materials also could well accommodate the volume variation during Li + insertion/ extraction. The ZnCo 2 O 4 nanomaterials with various architectures have been synthesized and evaluated as energy storage materials, such as nanowires, 22 nanosheets, 23, 24 microspheres 25, 26 and other novel nanostructures, [27] [28] [29] etc. However, these above mentioned nanomaterials must be mixed with conductive additives and polymer binders to form a slurry and then fastened to current collectors, which may impair the specic electrode capacity, and give rise to aggregation of nanomaterials. 30, 31 To well circumvent these issues, it is thus logical to build a binder-free electrode by directly growing selfsupported nanostructured active materials on a conductive substrate. 30, 32, 33 As is well known, graphene has some advantageous characteristics, including excellent chemical inertness, high electrical conductivity and specic surface area, good exibility, which is regarded as an ideal conductive support for electrochemical performance improving of MTMOs.
From the above discussion, herein, we demonstrate a composite electrode with a three-dimensional structure, comprised of mesoporous sheet-like ZnCo 2 O 4 materials supported on a 3D graphene lm (3DGF) coated on the Ni foam matrix, which is shown in Scheme 1. The 3DGF composed of multilayer graphene sheets is deposited on a Ni foam (denoted as 3DGF@NF) via a chemical vapor deposition method. Subsequently, the ZnCo 2 O 4 materials grown on the graphene substrate (denoted as ZnCo 2 O 4 @3DGF@NF) are prepared through a facile hydrothermal strategy, followed by an annealing treatment. Our synthesized ZnCo 2 O 4 @3DGF@NF composite material is further evaluated as the electrode for LIBs by assembling half cells and exhibited a remarkable reversible capacity, superior rate capability and a long cycling life.
Experimental details
Synthesis of three dimensional graphene lm (3DGF)
The graphene lm was prepared by the chemical vapor deposition (CVD) method. Briey, the Ni foam was loaded into a quartz tubular furnace, wherein the protective Ar gas (200 sccm) ow was uxed while ramping the temperature up to 1000 C within 60 min. Aer stabilization of the temperature, the Ni foam was rstly cleaned under the mixed gas ow of Ar (400 sccm) and H 2 (100 sccm) for 5 min to remove the contaminated oxide layers coated on the surface of Ni foam. Subsequently, the targeted CH 4 gas ow (30 sccm) as the carbon source was introduced into the tubular furnace for 3 min accompanied with protective mixed gas ow of Ar (200 sccm) and H 2 (50 sccm) in order to deposit graphene lm on Ni foam. Ultimately, the quartz tubular furnace was rapidly cooled down to room temperature without a delay with the uninterrupted protection of mixed gas ow of Ar and H 2 .
Synthesis of ZnCo 2 O 4 nanosheet arrays@3DGF@NF
All the chemicals used in the experiments were of analytical grade and used as received. In a typical procedure, 1 mmol Zn(NO 3 ) 2 $6H 2 O, 2 mmol Co(NO 3 ) 2 $6H 2 O, and 12 mmol urea were dissolved in 30 ml deionized water to form a homogeneous solution aer magnetic stirring for 15 min. Then the asprepared solution and a piece of 3DGF@NF (3 cm Â 2 cm) were transferred together into a 50 ml Teon-lined stainlesssteel autoclave and heated at 120 C for 6 h. Aer cooling down to ambient temperature, the synthesized product was taken out and rinsed several times with deionized water and ethanol, followed by calcination at 400 C for 3 h in air atmosphere at a ramping rate of 2 C min
À1
. As a comparison, ZnCo 2 O 4 arrays directly grown on Ni foam substrate (ZnCo 2 -O 4 @NF) without supporting graphene were also prepared in the same procedure. In addition, ZnCo 2 O 4 powders were collected from the solution aer hydrothermal reaction by using a highspeed centrifuging method, followed by the same calcination process.
Materials characterizations
The crystalline structure and compositional nature of synthesized products were investigated by a combination of X-ray diffraction (XRD) (bruker D8 ADVANCE), X-ray photoelectron (XPS) (Escalab250Xi) and Raman spectroscopy (LabRAM HR Evolution, 532 nm excitation wavelength), respectively. The morphology and microstructure studies were conducted by using eld emission scanning electron microscopy (FESEM, Utral 55) with an energy dispersive X-ray spectrometer (EDS), and transmission electron microscopy (TEM, JEM-2100HR). The N 2 adsorption/desorption isotherms were performed on an AUTOSORB-IQ2-MP instrument to measure the BET surface area of the products.
Electrochemical measurement
Electrochemical experiments were carried out using the standard CR2025 coin-type cell with a lithium disk (F 16 mm) as a counter/reference electrode, our synthesized composite materials as a working electrode, and a Celgard 2400 polypropylene lm (F 19 mm) as a separator soaked with 1 M LiPF 6 Electrochemical impedance spectroscopy (EIS) measurements were carried out in a frequency range of 100 kHz to 0.1 Hz on the CHI660D electrochemical workstation with a potential amplitude of 5 mV.
Results and discussion
Morphology and structural analysis
The composition and phase purity of ZnCo 2 O 4 grown on graphene lm coated on Ni foam are examined via X-ray diffraction (XRD). Fig. 1a In order to clarify the property of deposited graphene substrate, the Raman spectrum of the 3DGF@NF and ZnCo 2 -O 4 @3DGF@NF are investigated and demonstrated in Fig. 1b , respectively. It is obvious that no identiable D band can be distinguished from the spectrum, implying that a high quality of graphene lm with few defects was prepared. Furthermore, the Raman intensity of 2D band is lower than that of G band, indicating that our synthesized graphene materials are actually composed of multilayered graphene sheets, which may result in good electronic conductivity. 38, 39 There is no signicant difference in Raman spectrum between pre-and post-growing ZnCo 2 O 4 on graphene, implying that the 3DGF kept an original structure and presented relatively robust stability.
The surface elements and their chemical states of the ZnCo 2 O 4 @3DGF@NF are analyzed via XPS, in order to further conrm the purity of ZnCo 2 O 4 . The overall surveyed spectrum (Fig. 2a) exhibits the presence of C, O, Co, Zn without other impurities. All of the high-resolution spectrums were tted by the Lorentzian/Gaussian function in terms of spin-orbit doublets and shakeup satellites. Fig. 2b shows the highresolution Zn 2p spectrum, and two peaks with binding energy values of 1021.3 eV and 1044.3 eV are ascribed to Zn 2p 3/2 and Zn 2p 1/2 , respectively, indicating the Zn(II) oxidation state in ZnCo 2 O 4 @3DGF@NF. 40 As indicated in Fig. 2c , the two strong peaks located at 779.9 eV and 794.8 eV are assigned to Co 2p 3/2 and Co 2p 1/2 , respectively, conrming the Co(III) oxidation state of ZnCo 2 O 4 @3DGF@NF. 21 With respect to the high-resolution spectrum in the O 1s region (Fig. 2d) , two peaks at 529.5 eV and 531.2 eV, were generally owed to the lattice oxygen and the oxygen in hydroxide ions, respectively. 12 The additional peak at ca. 533.0 eV should be generated from a small amount of physically adsorbed water molecules. 40 These results conrm that the valences of Zn, Co and O elements are +2, +3, and À2, respectively, which are corresponding to the element chemical states in ZnCo 2 O 4 compound.
The morphology and detailed microstructure of graphene coated on Ni foam and ZnCo 2 O 4 grown on 3DGF@NF substrate are characterized by FESEM, respectively. As depicted in Fig. 3a , it is obvious that the whole surface of Ni foam is covered with typical wrinkled graphene sheets. Then densely grown on the Ni foam substrate is observed in Fig. S2c and d, † in regard to the morphology of ZnCo 2 O 4 @NF. Based on the above investigation, it could be found that the morphology of self-assembled nanostructured ZnCo 2 O 4 materials prepared through hydrothermal way is very dependent on the substrate material, although the exact same synthetic strategy is applied.
To further identify the morphology and character of the ZnCo 2 O 4 , the transmission electron microscopy (TEM) is carried out on the ZnCo 2 O 4 materials exfoliated from 3DGF@NF substrate by a long-period ultrasonication. A typical TEM image of ZnCo 2 O 4 nanosheet arrays is shown in Fig. 4a , and it is speculated that the average width of the nanosheets is about 1 mm, which is consistent with the SEM observation. From the TEM image with higher magnication (Fig. 4b) , actually, the ZnCo 2 O 4 nanosheets are self-assembled by numerous interconnected nanoparticles having a diameter in the range of ca. 10 $ 25 nm, which may greatly enhance the surface-to-volume ratio of the active materials. For good measure, numerous irregular pores with a diameter distribution in the range of 5-20 nm across the ZnCo 2 O 4 sheet could be observed in the Fig. 4b , which favors the alleviation of stress caused by volume variation, as well as electrolyte penetration.
The mesoporous structure observed in ZnCo 2 O 4 sheets may be ascribed to the gas release (e.g. H 2 O, CO 2 ) or H 2 O lost during hydrothermal and the subsequent annealing processes. 41 As shown in HRTEM image (Fig. 4c) , the ZnCo 2 O 4 nanosheets display different crystal orientation with clear lattice fringes, and the interplanar spacings can be estimated to be $0.29 nm, $0.25 nm, $0.19 nm, which corresponds well to the distances of (220), (311), (400) planes of ZnCo 2 O 4 phase, respectively. The corresponding selected area electron diffraction (SAED) pattern (Fig. 4d) can be readily indexed to the (400), (311), (220) planes of the ZnCo 2 O 4 crystal structure, which conrms the polycrystalline structure of the obtained ZnCo 2 O 4 and is also in good agreement with the XRD results.
The N 2 adsorption-desorption measurement (Fig. 5 ) is carried out to investigate the specic surface area and the pore size distribution of ZnCo 2 O 4 @3DGF@NF composite material by using Brunauer-Emmett-Teller (BET) method. First of all, we have to peel off the ZnCo 2 O 4 nanosheets from the composite 
Electrochemical evaluation of lithium ion batteries
The cyclic voltammetry (CV) and galvanostatic chargedischarge measurements are conducted to examine the electrochemical performance of the ZnCo 2 O 4 @3DGF@NF electrode. Fig. 6a presents the initial three continuous cyclic voltammograms (CV) of ZnCo 2 O 4 @3DGF@NF electrode at a scan rate of 0.5 mV s À1 . Noted that the CV curves show some extra cathodic/anodic peaks below 0.31 V, which may belong to the lithiation/delithiation process of the graphene substrate.
39
To verify this, we also test the rst three CV curves of pure 3DGF@NF shown in interface (SEI) layer, which is caused by the decomposition of organic electrolyte. 20, 42 In the rst anodic process, the oxidation peaks are observed at 0.7 V, 1.66 V, 2.26 V, respectively, which can be ascribed to Li-Zn dealloying reaction, the oxidation reaction and formation of ZnO and Co 3 O 4 , respectively.
20 The discharge-branch voltammogram for the initial cycle is substantially different from those of the following ones, and in the subsequent scans, the reduction peak shis to 1.1 V with a signicant decrease in the peak intensity, revealing that an irreversible transformation and structure rearrangement have occurred. However, the subsequent curves overlap very well, reecting a good reversibility of the electrochemical performances in the following circles.
According to the CV analysis and previous reports, 19,43,44 the electrochemical reactions involved in the charge-discharge process are believed to proceed as follows: . It is noteworthy that in this work all the specic capacity and current density are calculated on the basis of the mass of ZnCo 2 O 4 only, because the pure 3DGF@NF substrate demonstrates a rather low capacity (Fig. S4 †) and makes very few contributions to the whole composite electrode. An obvious wide plateau between ca. 0.7 V and 1.0 V can be observed from the rst discharge process, which attributes to the reduction of metal oxide to metal, accompanied with the Li 2 O formation, while the subsequent discharge plateaus below 0.7 V should be assigned to the formation of the SEI lm and Li-Zn alloy, which is in good agreement with CV results. The plateaus of subsequent discharge curves are slightly higher than the rst cycle, which is also consistent well with the CV results. The initial discharge and charge capacities are 2024 and 1114 mA h g À1 , respectively, corresponding to a coulombic efficiency of ca. 55%. The large capacity loss of the electrode in the rst cycle is due to the irreversible formation of a SEI layer, and the reduction of the electrolyte. What's more, the Li 2 O produced during the rst discharge process can only be partially decomposed and then react with Zn and Co nanoparticles via conversion reaction. The incomplete conversion reaction will cause the capacity loss, nally resulting in lower initial coulombic efficiency. In addition, the charge and discharge plateaus below 0.31 V can be also observed by this image, which is corresponding to the Li + de-intercalation and intercalation in graphene. This result is also consistent with the CV curves. Fig. 6c displays the coulombic efficiency and cycling performance of the ZnCo 2 O 4 @3DGF@NF electrode at a current it increases rapidly and then stably maintains at a high level of ca. 97-99%, manifesting an admirable reversibility of this electrode. A lowest discharge capacity of 943 mA h g À1 is observed for the 14th cycle, and then gradually increases to 1176 mA h g À1 aer 100 cycles. This special electrochemical performance is prevailing in MTMOs electrode materials, which may be attributed to the reversible growth and dissolution of a gel-like polymer lm due to the kinetically activated electrolyte degradation. capacitance of SEI lm and double layer capacitance, Z w is the Warburg impedance. As shown in the Fig. 6d , both Nyquist plots are comprised of one semicircle at high frequency and a linear line at low frequency. The intercept of the semicircle on the real axis at high frequency is the resistance of electrolyte solutions, while the high frequency semicircle is assigned to the charge-transfer resistance. The semicircle diameter of ZnCo 2 -O 4 @3DGF@NF electrode (R ct ¼ 29.77 U) aer 100 cycles is smaller than that of the fresh one (R ct ¼ 30.31 U), indicating that the charge-transfer resistance has decreased aer cycling. And the slope of the linear line of the cell aer 100 cycles is a little steeper than that of the fresh one, indicating the Li ion diffusion kinetics have been improved aer cycling. The enhanced Li ion diffusion kinetics and impaired charge-transfer resistance are beneted from the elaborate fabrication of the ZnCo 2 O 4 @3-DGF@NF architecture, which can facilitate the electron and Li ion transmission.
The rate performance of electrodes is a critical parameter for high-power LIBs. As shown in Fig. 7a , the ZnCo 2 O 4 @3DGF@NF electrode exhibits a fairly stable rate performance at different current densities. When the current density increases step by step from 500 mA g À1 to 1000, 1500, 2000, 4000 mA g À1 for every 10 cycles, the corresponding discharge capacity is 927, 756, 603, 460, 331 mA h g À1 , respectively. Aer high rate cycles, the discharge capacity bounces back to 949 mA h g À1 when the current density returns to 500 mA g À1 , which is even a little higher than that of the initial 10 cycles. This charge-discharge performance is also in accord with the increased specic capacity result. In comparison, the ZnCo 2 O 4 @NF and ZnCo 2 O 4 powder electrodes both present terrible capacity fading at high current density and relatively poor rate performances shown in Fig. 7a . A better understanding of rate performance can be obtained from the EIS analysis. Fig. 7b Fig. 8 . The interconnected nanosheets become curled aer cycling, additionally the nanosheets get thicker due to the volume expansion aer repeating charge-discharge process. However, the electrode still remains certain space between each nanosheet without collapsing, which is believed to accommodate volume changes during cycling and ensure the good structure stability of the electrode.
As discussed above, several benecial factors attributes to the superior electrochemical performance of ZnCo 2 O 4 @3-DGF@NF electrode. First, the binder-free electrode without the addition of conductive additive and polymer binder can avoid the side reaction, and enlarge the contact area between electrode-electrolyte. Second, the ZnCo 2 O 4 directly grown on the current collector without milling can effectively prevent the nanomaterial agglomeration. Third, the unique mesoporous and sheet-like nanostructure is benecial for electrolyte penetration, shortening of ion/electron transport distance. In addition, it is believed that the open spaces among nanosheets and existed in mesoporous nanosheets can accommodate the volume variation. Last, 3DGF as a conductive substrate takes the advantages of high specic surface area, prominent electronic conductivity, and buffers the volume variation of electrode. In short, the synergistic effect of ZnCo 2 O 4 nanosheet arrays and 3DGF leads to an outstanding electrochemical performance, demonstrating it can be a promising candidate of anode materials for LIBs.
Conclusions
In summary, we have successfully synthesized ZnCo 2 O 4 @3-DGF@NF as a binder-free electrode for LIBs by a simple hydrothermal method. Beneting from the synergistic effect of ZnCo 2 O 4 nanosheet arrays and 3DGF substrate, the binder-free electrode exhibits an excellent cycle performance (a discharge capacity of 1223 mA h g À1 at the current density of 500 mA g À1 aer 240 cycles), rather stable rate capability and remarkable reversibility (coulombic efficiency of 97-99%), this nanostructure material shows a high electronic conductivity and stable mechanism property. There is no doubt that ZnCo 2 -O 4 @3DGF@NF owns a great potential as the anode materials for high-performance LIBs.
Conflicts of interest
There are no conicts to declare.
